Abstract The search for microorganisms that improve soil fertility and enhance plant nutrition has continued to attract attention due to the increasing cost of fertilizers and some of their negative environmental impacts. The objectives of this greenhouse study with tomato were to determine (1) if reduced rates of inorganic fertilizer coupled with microbial inoculants will produce plant growth, yield, and nutrient uptake levels equivalent to those with full rates of the fertilizer and (2) the minimum level to which fertilizer could be reduced when inoculants were used. The microbial inoculants used in the study were a mixture of plant growth-promoting rhizobacteria (PGPR) strains Bacillus amyloliquefaciens IN937a and Bacillus pumilus T4, a formulated PGPR product, and the arbuscular mycorrhiza fungus (AMF), Glomus intraradices. Results showed that supplementing 75% of the recommended fertilizer rate with inoculants produced plant growth, yield, and nutrient (nitrogen and phosphorus) uptake that were statistically equivalent to the full fertilizer rate without inoculants. When inoculants were used with rates of fertilizer below 75% of the recommended rate, the beneficial effects were usually not consistent; however, inoculation with the mixture of PGPR and AMF at 70% fertility consistently produced the same yield as the full fertility rate without inoculants. Without inoculants, use of fertilizer rates lower than the recommended resulted in significantly less plant growth, yield, and nutrient uptake or inconsistent impacts. The results suggest that PGPR-based inoculants can be used and should be further evaluated as components of integrated nutrient management strategies.
Introduction
Fertilizers are essential components of modern agriculture because they provide essential plant nutrients. However, overuse of fertilizers can cause unanticipated environmental impacts. One example of the negative impacts of fertilizer is the "dead zone" in the Gulf of Mexico where nutrients washing from fertilized farms across the Mississippi Basin cause oxygen starvation, leading to an almost lifeless area in the gulf [27] . One potential way to decrease negative environmental impacts resulting from continued use of chemical fertilizers is inoculation with plant growthpromoting rhizobacteria (PGPR). These bacteria exert beneficial effects on plant growth and development [5] , and many different genera have been commercialized for use in agriculture. One of the important mechanisms for these beneficial effects is PGPR-elicited enhanced nutrient availability and nutrient use efficiency. In a recent review, Glick et al. [16] observed that some PGPR may influence plant growth by synthesizing plant hormones or facilitating uptake of nutrients from the soil through different direct mechanisms such as atmospheric nitrogen (N) fixation, solubilization of phosphorus (P), and synthesis of siderophores for iron sequestration making nutrients more available to plants.
Chemical fertilizers often have low use efficiency, meaning that only a portion of the applied nutrients are taken up by plants [17] . For example, P is precipitated after addition to soil, thus becoming less available to plants [17] . In addition, applied N can be lost through nitrate leaching, resulting in contamination of groundwater [9] . Microbial inoculants have shown some promise in increasing nutrient availability. For example, previous reports have suggested positive impacts of microbes on N uptake involving nonlegume biological fixation [4, 13, 22, 37, 41] . Also, inoculation with some microbes, including arbuscular mycorrhiza fungi (AMF), resulted in P solubilization or enhanced plant uptake of fixed soil P and applied phosphate resulting in higher crop yield [2-4, 7, 10] . The main mechanism resulting in increased availability of inorganic P appears to be through the action of organic acids synthesized by inoculants [34] .
Because essential plant nutrients are taken up from the soil by roots [29] , good root growth is considered a prerequisite for enhanced plant development. Many PGPR systems cause stimulation of root growth [9, 25] , sometimes via production of phytohormones by the plant or the bacteria [25, 38] . If promotion of root growth by PGPR could be achieved with high frequency in the field, PGPR may be potential tools for increasing nutrient uptake.
Two key questions arise from some of the past studies: Is it possible to reverse the current trend of applying large amounts of fertilizers by supplementing reduced fertilizer with inoculants? Can the potential benefits of PGPR and/or AMF in plant nutrient uptake be utilized by combining them with reduced levels of fertilizers? The overall hypothesis is that PGPR or combinations of PGPR and AMF with fertilizers will improve the use efficiency of fertilizers and lead to a reduction in the amount of fertilizer usage.
The objectives in this study were to determine (1) if reduced rates of inorganic fertilizer coupled with microbial inoculants (PGPR or PGPR plus AMF) will produce plant growth, yield, and nutrient uptake levels equivalent to those with full rates of the fertilizer and (2) the minimum level to which fertilizer could be reduced when inoculants were used. To achieve these objectives, experiments were designed using single strains as well as formulated PGPR products with or without AMF coupled with different fertilizer regimes. For the PGPR strains, a two-strain mixture was used which included Bacillus amyloliquefaciens IN937a and Bacillus pumilus T4. The strains were previously reported to elicit significant effects on root development, plant growth, biocontrol, and/or induced systemic resistance [23, 32, 36, 42] .
Results from some past studies have suggested ineffectiveness of PGPR using single-strain inoculations [14, 25] , but mixtures of strains provided more consistency [8, 18, 36] . Some levels of interactions have been reported by coinoculating PGPR with AMF [4, 6, 7, 31, 39] . Some studies, mostly with single elements, have suggested that PGPR are more effective when nutrients become limiting [12, 38] . Reported here are the results of a study that included single elements (N and P) as well as conventional water-soluble NPK fertilizer and the interaction of a twostrain mixture of PGPR with AMF.
Materials and Methods

Sources of Inoculants
Plant growth-promoting rhizobacteria used included two single strains that have been used in previous studies [26, 36, 42] . The two PGPR strains, B. amyloliquefaciens IN937a and B. pumilus T4, were obtained from the culture collection of the Department of Entomology and Plant Pathology, Auburn University, Auburn, AL, USA and used as spore preparations. Another inoculant used was a commercial PGPR formulation, which consisted of many PGPR Bacillus strains with the trade name Plant Growth Activator (PGA; Organica, Norristown, PA, USA). In addition, the arbuscular mycorrhiza fungi used was Glomus intraradices obtained from Becker Underwood (Ames, IA, USA).
Test for Nitrogen Fixation by PGPR Strains
The two PGPR strains were tested for their capacity to fix N using JNFb medium [30] . The strains were streaked onto JNFb agar plates and stab-inoculated into JNFb semisolid medium in test tubes. After incubation for 48 h at 28°C, the color of agar and liquid medium was examined in comparison to a positive control consisting of the Nfixing strain Azosprillum brasilense obtained from the bacterial culture collection at Auburn University.
Experimental Design and Preliminary Studies
All assays reported in this paper were conducted in the greenhouse at the Plant Science Research Center, Auburn University using tomato (Solanum lycopersicum, formerly Lycopersicon esculentum) cultivar Juliet (Park Seed, Anderson, SC, USA). The growth medium was a mixture of one part field soil and three parts sand. After seeding, water was applied twice daily, and the greenhouse temperature was maintained at 21-25°C. The first sampling was done at 4 weeks after planting (WAP) and the second at 6 WAP. Plants were removed from the pot. Roots were washed in slow-running water to remove adhering soil and laid on paper towels to drain. Plant height, stem caliper (taken at the oldest leaf position), and wet weight were recorded. Samples were dried for 7 days in the dryer at 70°C, and dry weights were taken. Growth index was estimated by multiplying height by width, and the growth index was plotted against fertilizer rates.
Tests with Inoculants and Water-Soluble Fertilizer
The different rates of fertilizer combined with PGPR or PGPR plus AMF were compared to the full rate of fertilizer (100%) without inoculants (positive control). The design was a 5×3 factorial randomized complete block. The five fertilizer treatments were 100%, 80%, 75%, and 70%, and an application rate of 50% was used as the negative control. The three inoculant treatments were no inoculation, PGPR, and PGPR plus AMF. Apart from the addition of inoculants (PGPR or PGPR plus AMF), methods were similar to those used in establishing the growth curve. The PGPR formulation used in this study (PGA) was prepared at the label rate of 3.78 g L −1 (1 tbsp gal −1 ). In assays where a twostrain PGPR mixture was used, inoculation was carried out as explained below. In assays that involved AMF, G. intraradices was applied directly to seeds at planting before filling the holes.
Tests with a Two-Strain Mixture, AMF, and Hoagland Solution
The spore suspension of the two PGPR strains (B. amyloliquefaciens IN937a and B. pumilus T4) were diluted appropriately and mixed together. The concentration was adjusted to log 5 cfu/ml and used for inoculation. At planting, 1 ml of the bacterial suspension was applied onto each seed in a 10-cm pot containing a 1:3 mixture of field/ sand soil. A follow-up inoculation was carried out at 1 week after planting by applying 1 ml of PGPR drench per pot around the base of each plant. The study, with preceding assays, left some questions unanswered. Were there specific effects on uptake of any of the two growth limiting nutrients (N and P) in the plants? Was the effect, if any, related to growth promotion? To answer these questions, tests were conducted with Hoagland solution [28] as the fertilizer, which allowed the varying of each element and the precise tracking of changes that occurred. Experiments were done for N and P, and assays on each element were repeated. The design was a randomized complete block with inoculant type as the main block and fertilizer rate as the subfactor because, in this study, fertilizer rate was more important in the statistical interaction between fertilizer rate and inoculant type. There were three inoculant types: (1) no inoculant, (2) a mixture of two Bacilli PGPR strains, and (3) two Bacilli PGPR strain mixture plus AMF, G. intraradices. Fertilizer rates reported here include 100% (full-strength Hoagland solution), 80%, 75%, 70%, and 50% (negative control). The different fertilizer rates were made by appropriately varying the amount of N and P in Hoagland solution [20, 28] . More details about preparing and applying Hoagland solution as used in this study are shown below.
The content of Hoagland solution prepared for the study on P was different from that for N. For P, Hoagland solution (formulation I) was prepared with the components as originally formulated in 1933 by Hoagland and Snyder [28] . One liter of our 100% P solution was made by using 1 ml of 1 M potassium dihydrogen phosphate (KH 2 PO 4 ), 
Measurement of Plant Growth and Nutrient Content of Plant Tissues and Soil
Destructive sampling was done at 4 WAP. This time was chosen for nutrient analysis because in preliminary tests, it was observed that concentration of nutrients decreased with age of tissue. In each test, the height of tomato, fresh weight, and dry weight of tissue were measured. Also, in four experiments, root development or architecture was analyzed for each root before drying. Root architecture was measured with a scanner model LA 1600+ and WinRhizo software version 2004a (Regent Instruments, Sainte-Foy, Quebec, Canada). Parameters analyzed in the root system included total root length, surface area, volume, projected area, number of tips, mean diameter, and numbers of roots with diameters of 0-0.5 mm and 0.5-1 mm. Dry plant samples were analyzed for N and P contents (two growth-limiting nutrients). The methods used for nutrient analysis were the same as previously presented [1] . Nutrient (N and P) uptake of plants per treatment was estimated through uptake per gram of plant tissue multiplied by total yield per treatment (i.e., yield × percent nutrient per gram of plant tissue).
Data Analysis
Data were analyzed using GLM procedure, and Fisher's protected least significant difference (LSD) was used to separate treatment differences [24] . Statistical significance was considered at α=0.05. Regression fitting was carried out for relationships among variables. These analyses were done using Statistical Analysis System 9.1 (SAS Institute, Cary, NC, USA).
Results
The Growth Response Curve
The results obtained in tests to develop a standard response curve of tomato plants to different fertilizer rates showed that the growth of tomato was significantly greater with 100% fertility than with any other lower rates across all parameters (plant height, shoot and root, fresh and dry weights; Table 1 ). Figure 1 shows the model growth curves of tomato plant under the different rates of fertilizer, which is a plot of growth index against fertilizer rates at 4 weeks after planting.
Growth, Yield, and Nutrient Content for Tests with Water-Soluble Fertilizer
Results indicated that plant heights resulting from treatment with PGPR plus 80% or 70% of fertilizer were statistically equivalent to the heights with 100% fertility without PGPR. The effects were slightly different for co-inoculation of PGPR and AMF. Although 100% fertilizer without microbial inoculants produced statistically similar plant height as 80% or 70% of fertilizer plus PGPR and AMF, plants that receive 80% of fertilizer with PGPR and AMF grew significantly taller than those with 70% fertilizer with PGPR and AMF ( Table 2 ). After multiplying height by width to arrive at growth index, the comparison between uninoculated and inoculated plants showed that the inoculants significantly enhanced the growth of the plants, even at suboptimal fertilizer rates. Also, there were no differences among the growth index for plants that received 70% fertilizer plus PGPR, 80% fertilizer plus PGPR, or 100% fertilizer without PGPR. However, 100% fertility without PGPR was significantly greater than plants that received 70% fertilizer plus co-inoculation of PGPR and AMF (Fig. 2 ).
There was a high correlation between the growth index and the treatments (Fig. 2) with y=1.218x+2.592, R 2 = 0.874; y=0.707x+6.751, R 2 =0.749; and y=0.975x+5.665, R 2 =0.8333 for fertilizer, fertilizer plus PGA, and fertilizer plus PGA and AMF, respectively. Comparison of the yield in tomato fruits showed that 70% or 80% fertilizer plus PGPR and AMF were comparable to 100% fertilizer without inoculants (Fig. 3) . For the treatment of fertilizer plus PGPR, only inoculant-supplemented 80% fertilizer produced the same yield as 100%. The inoculant-supplemented 70% fertilizer treatment produced significantly lower yield. The results indicated that 80% of fertilizer plus inoculants produced comparable results with 100%, but similar treatment with 70% fertilizer was not consistent.
Growth and Nutrient Content for Tests with a Two-Strain Mixture
With Hoagland solution, it was possible to track changes that occurred in growth and N and P uptake. The growth of plants that received 75% to 90% of fertilizer plus inoculation of PGPR or PGPR and AMF was comparable to the full fertilizer rate without inoculants. Also, the inoculation of PGPR or co-inoculation of PGPR and AMF produced similar effects (Fig. 4) . The amount of N per gram of tomato shoot and root tissues were statistically the same for 100% fertilizer without inoculants and 75% fertilizer supplemented with PGPR (Figs. 5 and 6 for shoot and root, respectively). Also, plants that received 70% fertilizer with inoculants produced comparable amount of N in shoot as those with 100% fertilizer without inoculants (Fig. 5) . On a whole-tissue basis, 75%, 80%, or 90% fertilizer plus inoculants gave results that were significantly equivalent to 100% fertilizer (Fig. 7) . The fluctuation that occurred in AMF arbuscular mycorrhiza fungi, PGPR plant growth-promoting rhizobacteria Figure 2 Growth index of tomato at different fertilizer rates with or without inoculants. F fertilizer, P plant growth-promoting rhizobacteria, A arbuscular mycorrhiza fungi. Growth index is height of plant multiplied by width Figure 1 Growth response curve of tomato to different fertilizer rates at 4 WAP. F fertilizer, WAP weeks after planting the previous test using water-soluble fertilizer for results on 70% fertilizer plus inoculants was also seen for the twostrain mixture on Hoagland solution for N uptake. Results for 70% treatment were not consistent. For P where AMF was one of the treatments, P uptake was significantly the same on total plant basis but not on a per gram of tissue basis (Fig. 8) . Co-inoculation of PGPR and AMF with 70% fertilizer gave the best result, resulting in P uptake equivalent to that with 100% fertility without inoculant. Compared to the positive control, significantly more P was taken up by plants treated with 90% fertilizer and inoculants (PGPR plus AMF; Fig. 8 ).
Discussion
The results presented here support the hypothesis that PGPR or combinations of PGPR and AMF can improve the nutrient use efficiency of fertilizers. When the percentage of recommended fertilizer was reduced and inoculants were used, plant height, shoot dry weight, root dry weight, yield, and nutrient uptake were comparable to those with the full rate of fertilizer without inoculants (Table 2 and Fig. 2 ). After testing different reduced fertilizer rates, under these experimental conditions, 75% fertilizer was the stable minimum to which fertilizer could be reduced if supplemented with PGPR to achieve growth equivalent to 100% fertilizer without PGPR. Results also show that 100% fertilizer produced plant growth that was greater than all other lower rates if inoculants were not added (Table 1 and Fig. 1 ). This agrees with Biswas et al. [9] who suggested an interdependence of fertilizer N inputs and inoculants for optimal gain in rice productivity When 70% fertilizer rate or lower was supplemented with PGPR or co-inoculation of PGPR and AMF, lower growth of tomato was observed or inconsistent growth compared to the 100% fertilizer control. In some instances, inoculant-supplemented 70% fertilizer gave Figure 4 Dry biomass of plants with or without inoculants. F fertilizer, P plant growth-promoting rhizobacteria, A arbuscular mycorrhiza fungi Figure 5 Nitrogen uptake per gram of tomato shoot with or without PGPR. F fertilizer, P plant growth-promoting rhizobacteria Figure 6 Nitrogen uptake per gram of root tissue with or without PGPR. F fertilizer, P plant growth-promoting rhizobacteria Figure 3 Yield of tomato with or without inoculant. F fertilizer, P plant growth-promoting rhizobacteria, A arbuscular mycorrhiza fungi growth that was comparable to 100% fertilizer without PGPR ( Fig. 2 and Table 2 ) or comparable yield (Fig. 3 , PGPR plus AMF bar). In the current system, the results support reduced fertilizer rates down to 75% if PGPR was added because that is the minimum at which results were consistent. This is different from the observations of Canbolat et al. [10] and Elkoca et al. [15] , who reported no significant difference in root and shoot biomass of barley or seed yield and biomass of roots and shoots of chickpea, respectively, when inoculant alone or fertilizer alone was used. Based on those results, it was suggested that inoculants could be an alternative to fertilizer for chickpea [15] . In contrast, these current results demonstrate that, for tomato, inoculants may allow reduced rates of fertilizer but that they will not replace fertilizer.
There were similarities in these results and those of Hernandez and Chailloux [19] , who reported that the dry weight of tomato transplants grown in the greenhouse with 75% fertilizer plus two co-inoculated PGPR was significantly greater than those with full fertilizer rate without PGPR. At reduced fertilizer rates (down to 75%), inoculants consistently enhanced dry biomass (Fig. 4) . Also, N uptake per gram of tissue and N uptake on a whole-plant basis were significantly better than the corresponding noninoculated controls (Figs. 5, 6, and 7) . However, in the case of P, significant impacts resulted on a whole plant basis but not per gram of plant tissue (Fig. 8) . Hence, enhanced N use efficiency in response to inoculation was greater overall than that of P.
Results indicate that the time of sampling tissue for nutrient analysis could be an essential factor to consider when making conclusions about the impact of inoculants on plant nutrient uptake. In the experiment with Hoagland solution, plants treated with 75% fertilizer plus inoculants consistently had comparable amounts of N at 4 weeks after planting to those with 100% fertilizer without inoculants. However, results were highly variable when samples were taken at 6 WAP. A possible explanation for this could be based on previous reports that the concentration of nutrients, particularly N, P, K, S, Cu, and Zn, decreases with age of plant tissues [28, 29] .
Timing of sampling, microbial biomass/structure [21, 35] , and nutrient content of the growth medium may account for some variability in results of different authors [37, 38] . Saubidet [37] reported that N content in wheat plants inoculated with A. brasilense decreased as N supply rate increased, and at the maximum N supply, the content of total N was the same between inoculated and noninoculated wheat plants. On the other hand, Shaharoona et al. [38] reported that N use efficiency increased in response to inoculation with Pseudomonas fluorescens at all fertilizer levels in wheat, causing 115%, 52%, 26%, and 27% increase over the noninoculated control at N, P, and K application rates of 25%, 50%, 75%, and 100% recommended doses, respectively. Also, other explanations for those differences in results could be the different effects of specific PGPR strains or other experimental factors.
Could there be a synergistic interaction between PGPR and AMF to improve the uptake of P and N? In this study, there appears to be some level of interaction with uptake of P, though little (Fig. 8) . Co-inoculation of AMF and PGPR with 90% fertilizer resulted in plant uptake of P that was significantly higher than with full fertilizer rates, though its improvement over the inoculation of PGPR with 90% fertilizer was not significant. However, 70% Figure 8 Phosphorus uptake on dry whole-plant basis with PGPR and AMF inoculation. Uptake was estimated by multiplying plant dry weight by % P per gram of tissue. F fertilizer, P plant growthpromoting rhizobacteria, A arbuscular mycorrhiza fungi Figure 7 Nitrogen uptake on dry whole plant basis at 4 WAP with PGPR. Uptake was estimated by multiplying plant dry weight by % N per gram of tissue. F fertilizer, P plant growth-promoting rhizobacteria fertilizer plus AMF and PGPR resulted in more P uptake than the corresponding treatment with PGPR alone (Fig. 8) . Aseri et al. [4] reported significant interaction of Azotobacter chroococcum and Glomus mosseae in pomegranate leading to better leaf area, shoot dry weight, and uptake of N, P, and K compared to either PGPR or AMF alone. This is different from a previous 3-year field study with corn [1] , in which there was no consistent significant interaction between PGPR and AMF. Also, no detrimental interactions were observed in this study, which is in agreement with the results of Barea et al. [6] .
One way that some previous studies have enhanced the performance of PGPR is co-inoculation of multiple PGPR strains [8, 15, 23, 32] . For example, Belimov et al. [8] reported significantly greater uptake of P in shoot of barley with co-inoculation of Azospirillum lipoferum 137 and Arthrobacter mysorens 7 or A. lipoferum 137 and Agrobacterium radiobacter 10 than single inoculation of any of the three organisms. A two-strain mixture was used in the current study, and it proved to be effective in both growth promotion and N and P uptake.
The enhancement of N uptake by plants inoculated with the PGPR strains (B. amyloliquefaciens IN937a and B. pumilus T4) used in this study was not via associative N fixation based on the tests with JNFb medium and because there are no known N-fixing strains of B. amyloliquefaciens or B. pumilus. Therefore, the resulting enhancement of N uptake must be due to alternative bacterial effects. A combination of the activities of the plant and the inoculants [11, 23, 33, 37, 40] is being proposed as a model for PGPR-enhanced N uptake in plants, according to the following scenario. The PGPR promote the growth of the plant and increase the root surface area or the general root architecture [9, 25] . Plants growing better in turn release higher amounts of C in root exudates. The release of more C prompts increase in microbial activity, and this process continues in a cycle. The whole process makes more N available from the soil pool, influencing N flux into plant roots, and the plant is able to take up more available N. Overall, the results suggest that inoculants could be used to allow reductions in the current high rates of fertilizer and the resulting environmental problems [17, 27, 38] without compromising plant productivity. However, it should be noted that no microbial inoculant can be universal for all systems as the effectiveness may be affected by plant type, soil type, and some other factors. Further greenhouse and field studies should provide more definitive information about the movement and uptake of N and P to plants with the impacts of PGPR-based inoculants. Future studies should include 15 N isotope techniques to more clearly track uptake of N from applied fertilizers to plant tissues.
